We examined the phylogeography of the Least Brook Lamprey (Lampetra aepyptera) to recognize phylogenetically distinct clades within this species and to estimate the relative contributions of vicariance and dispersal to the distribution of genetic variation. A combined data set from mitochondrial ND3 and control region sequences identified 23 unique haplotypes among 21 populations. Eleven highly differentiated clades within L. aepyptera were detected. Their distributions correspond to different drainages and/or locations within drainage. Clades differed by an average of 4.5% (range 2.5-9.0%) sequence divergence. Only two haplotypes were shared among any populations. Considerable differentiation among adjacent drainages and limited sharing of haplotypes suggested little historical or contemporary gene flow. Although clades were highly differentiated, resolution of clade relationships was limited. The presence of highly differentiated clades in different drainages suggests that vicariance has had a profound effect on the distribution of genetic variation in L. aepyptera. The lack of resolution of clade relationships within this species suggested a single event that simultaneously isolated many of these populations. Rising sea levels causing a marine incursion into the Mississippi embayment during the Pliocene could have been such an event.
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T HE remarkable diversity of the freshwater fish fauna of eastern North America has been the impetus for numerous studies attempting to identify the mechanisms and events that have contributed to this diversity. Freshwater fishes provide an excellent opportunity to study the effects of geologic events and life histories on current population distributions. Dispersal capabilities, habitat, and life history often determine the level of population structuring. Many freshwater organisms experience little gene flow ( Johnson, 2005) and often exhibit significant phylogeographic structuring (Avise, 2000; Hardy et al., 2002) .
Phylogeographic patterns in mitochondrial DNA (mtDNA) and geologic evidence have been used to suggest historical drainage patterns and the mechanisms producing current fish distributions (Avise, 2000) . The distribution of many fishes in eastern North America may be best explained by a combination of vicariance, dispersal, and peripheral isolation events (Mayden, 1988; Strange and Burr, 1997; Near et al., 2001; Berendzen et al., 2003) . Evidence of dispersal would be reflected in widespread haplotypes and limited divergence due to recurrent or recent gene flow (Avise, 2000) . A pattern resulting from vicariance will show deeply divergent, monophyletic groups of haplotypes that are restricted to different geographic areas. Much study has focused on species that are typical of the high gradient streams of the Eastern and Interior Highlands (Hardy et al., 2002; Near and Keck, 2005) . We report the phylogeographic patterns of a species that is found in both highland and lowland streams.
The Least Brook Lamprey (Lampetra aepyptera: Petromyzontidae) is a nonparasitic freshwater species widely distributed in the eastern United States. Lampetra aepyptera is found in both lowland and upland regions where appropriate habitat is present. Lampetra aepyptera prefers small to medium-sized streams with stable silt/sand substrates. It exhibits a three- (Seversmith, 1953) to six-year (Walsh and Burr, 1981) life cycle. Differences in the length of the life cycle may be attributed to variation in physical and biological conditions in different river systems (Rohde et al., 1976) . Metamorphosis and sexual maturation usually begin in August (Rohde et al., 1976) , at which time these lampreys cease feeding (Hardisty and Potter, 1971) . Individuals do not appear to undergo appreciable migration during their lifetime (Seversmith, 1953) . Adult Least Brook lampreys spawn and die the following spring (Hardisty and Potter, 1971) .
Lampetra aepyptera possesses the most reduced dentition of any species in the Petromyzontidae (Bailey, 1980) , contributing to its uncertain taxonomic placement (Hubbs and Potter, 1971) . Although placed in the monotypic genus Okkelbergia (Hubbs and Potter, 1971) , it was subsequently returned to Lampetra (Vladykov and Kott, 1976; Docker et al., 1999) . Vladykov et al. (1975) concluded that some populations from the Mobile and Tennessee rivers constituted a new species, Lethenteron (Lampetra) meridionale. However, due to a lack of diagnostic characters, this taxon was synonymized with L. aepyptera (Bailey, 1980) .
There does appear to be some phenotypic variation among L. aepyptera populations. Populations from the Atlantic slope lack a black stripe through the eye, gold stripe on the dorsal fin, and dark-tipped caudal fin (Page and Burr, 1991) . Populations from the Obion River in Tennessee and Kentucky appear to be neotenic (Walsh and Burr, 1981) . Sexually mature specimens exhibited incomplete transformation and did not display typical adult characteristics (enlarged eye, dark pigmentation, enlarged dorsal fin, and pseudo-anal fin). A preliminary allozyme study of L. aepyptera (Drake, 2002) suggested highly significant differentiation among populations. We present a phylogeographic study of L. aepyptera based on sequence variation of the mitochondrial NADH dehydrogenase subunit 3 (ND3) gene and a portion of the mitochondrial control region, which allows us to assess the relative contributions of vicariance and dispersal to the distribution of genetic variation.
MATERIALS AND METHODS
Sampling and DNA sequencing.-A total of 41 individuals were sampled from 21 populations (Fig. 1, Table 1 ). Specimens were preserved in 95% ethanol. Total genomic DNA was extracted using a DNeasy Kit (Quiagen, Inc.). The mitochondrial ND3 gene and a portion of the control region were amplified by the polymerase chain reaction (PCR). Each 20 ml reaction contained 1X Bioline NH 4 reaction buffer, 0.2 mM each dNTP, 3.0 mM MgCl 2 , 0.5 mM of each primer, 1.0 U of Taq polymerase, and 2.0 mL of template DNA. Amplification was performed in an MJ Research PTC-25 thermal cycler. The ND3 light-strand primer (59-ACG TGA ATT CTA TAG TTG GGT TCC AAC CA-39) and heavystrand primer (59-ATG CGG ATC CTT TTG AGC CGA AAT CA-39; Docker et al., 1999) were used for all amplification and sequencing reactions. The PCR conditions for ND3 were 25 cycles of 94uC for 30 seconds, 50uC for 30 seconds, and 72uC for 30 seconds.
The mitochondrial control region was amplified using primers designed from the L. fluviatilis sequence (GenBank accession number NC001131). The control region lightstrand primer LACR3F (59-TAC CCC CAT GGT ACA AAA TAA CA-39) and heavy-strand primer LACR3R (59-CTG GTT TAC AAG ACC AGT GCT TT-39) were used for all amplification and sequencing reactions. These primers amplified a portion of the control region corresponding to non-coding region I (Lee and Kocher, 1995) . The PCR reaction consisted of an initial denaturation step at 94uC for 3 minutes, followed by 30 cycles of 94uC for 30 seconds, 64uC for 30 seconds, and 72uC for 30 seconds. All amplification products were verified on 0.8% agarose gels.
Between 10 and 40 ng of purified PCR product were used as template for the PCR sequencing reaction (ABI Big-Dye TM Terminator Cycler Sequencing v3.0). The sequences were determined on a 310 Genetic Analyzer or a 3730 DNA Analyzer (Applied Biosystems, Inc.). Between one and four individuals were sequenced from each population.
Data analysis.-Sequences were read using Chromas v.1.45 or FinchTV v.1.3.0 and aligned for comparison using CLUSTALX v1.81 (Jeanmougin et al., 1998) . Lampetra aepyptera ND3 and control region sequences were aligned with L. fluviatilis. Lampetra fluviatilis, the European River Lamprey, is considered the sister taxon of L. aepyptera (Docker et al., 1999) . Due to the presence of tandem repeat sequences and indels, control region sequence alignments were further adjusted manually.
The ND3 and control region data sets were analyzed individually then combined. Patterns of genetic structuring within and among L. aepyptera populations were determined with analysis of molecular variance (AMOVA) using Arlequin v2.0 (Schneider, S., D. Roessli, and L. Excoffier. Arlequin: a software for population genetics data analysis. Genetics and Biometry Laboratory, Department of Anthropology, University of Geneva, Geneva, Switzerland, 2000) . Saturation plots were produced using DAMBE (Xia and Xie, 2001) . A partition homogeneity test (Farris et al., 1995) was performed in PAUP* (vers. 4.0b4a, D. L. Swofford, PAUP*: phylogenetic analysis using parsimony [*and other methods], Sinauer, Sunderland, MA, 2002) to detect significant differences in phylogenetic signal between the ND3 and control region data sets.
Relationships among haplotypes were determined with a maximum parsimony analysis in PAUP using the heuristic search option, 100 random addition sequence replicates, and TBR algorithm. Support for nodes and branches was obtained by bootstrapping (Felsenstein, 1985) with 1000 pseudoreplicates. A statistical parsimony network (Templeton et al., 1992) was constructed using TCS v1.21 (Clement et al., 2000) . This analysis creates a haplotype network by first connecting haplotypes that differ by one substitution, and then two substitutions, and so forth until all haplotypes are connected in the network (Posada and Crandall, 2001 ). We used both the default 0.95 probability connection limits and a maximum of 50 connection steps to construct the network.
RESULTS
ND3.-The complete ND3 sequence is 351 nucleotides (Lee and Kocher, 1995; Docker et al., 1999) . Within L. aepyptera there were 62 polymorphic sites of which 38 were parsimony informative. Among the polymorphic sites, 25.8% were at the first position, 8% were at the second position, and 66.2% were at the third position. Fifteen substitutions were non-synonymous. No evidence of transition or transversion saturation was detected in the saturation plot. Nineteen haplotypes were identified from the 41 individuals sampled (GenBank accession numbers DQ532785-DQ532804).
The AMOVA revealed significant differences among populations (F ST 5 0.94, P , 0.001). The average sequence divergence among L. aepyptera haplotypes was 4.2% (0.3-6.3%). These haplotypes differed from L. fluviatilis haplotypes by 6.2% (4.8-7.1%). A neighbor-joining tree (not shown) was constructed using the 19 L. aepyptera ND3 haplotypes and ND3 sequences from other species in the genus Lampetra and Petromyzon marinus (Docker et al., 1999; AF177962-AF177976) . This analysis produced species relationships identical to those presented in Docker et al. (1999) and supported a monophyletic L. aepyptera and a sister taxon relationship with L. fluviatilis.
Control region.-Approximately 650 base pairs of the control region were resolved. The total number of bases varied due Fig. 1 . Map of the sample localities for L. aepyptera. Locality information can be found in Table 1 . C refers to the Cumberland River locality for the ND3 sequence from Docker et al. (1995) .
to the presence of tandem copies of a 39 bp repeat (Lee and Kocher, 1995) . In addition to the repeats, a region with several small indels (1-8 bp) was detected near the repeats. Due to the variability in repeat number and the difficulty in aligning the indel region, this part of the control region was excluded from the analysis, resulting in a 340 bp data set (GenBank nucleotide positions 1-40, 231-526).
Within L. aepyptera there were 76 polymorphic sites of which 56 were parsimony informative. Eighteen haplotypes were identified (GenBank accession numbers DQ923860-DQ923877). The AMOVA detected significant differences among populations (F ST 5 0.96, P , 0.001). The average sequence divergence was 4.8% (0.3-12.1%). No evidence of transition or transversion saturation was detected. Lampetra aepyptera haplotypes differed from L. fluviatilis by 6% (4.3-9.5%).
Combined ND3/control region.-Although the control region exhibited greater levels of variation than ND3, the partition homogeneity test revealed no significant heterogeneity of signal between the two gene regions (P 5 0.75) and thus they were combined. The combined ND3/control region data set contained a total of 691 base pairs with 176 polymorphic sites of which 114 were parsimony informative. There were 23 haplotypes (Table 1) . Only two haplotypes (N and K) were shared among populations. In both cases the populations that shared haplotypes (haplotype N-Strouds Run and Indian Run; haplotype K-Burnt Mill and Davis Mill) were geographically very close.
Maximum parsimony analysis revealed 74 equally parsimonious trees using L. fluviatilis as outgroup. The consensus tree (Fig. 2) The statistical parsimony analysis with the default setting yielded 11 independent networks. Establishing a 50-step connection limit produced a single network (Fig. 3 ) that identifies as many as 11 clades. A clade was defined as a group of haplotypes that have fewer steps within the group than between groups (Hardy et al., 2002) . Haplotypes within clades typically differed by nine steps or less. Clades differed by a minimum of 17 steps ( Table 2 ). The proposed clades are: upper Ohio River, Atlantic, Obion, Mobile, Yazoo, White, Tennessee 1, 2, and 3, Forked Deer, and Hatchie. Clades differed by an average of 5.1% sequence divergence (2.5-9.0%; Table 2 ).
The clades identified by the combined data set were the same as those from the separate data sets (not shown) with the exception of the Cumberland River sample where only ND3 data were available (Docker et al., 1999) . Based on the ND3 sequence data we suggest an additional clade in the Cumberland River that differs from other clades by an average of 4.6% (3.7-6.6%).
DISCUSSION
Phylogeny and genetic variation.-Lampetra aepyptera populations exhibit significant phylogeographic structuring and are comprised of as many as 12 highly differentiated clades. The clades are associated with different drainages and/or position within drainages. Intrapopulation variation was limited, and only two haplotypes (K and N) were shared between populations (Table 1) . Relationships among many of the clades were not completely resolved (Fig. 2) . The high level of sequence divergence in the control region and ND3 sequences suggests populations have been isolated for a considerable period of time. Further, due to the limited number of shared haplotypes among localities, it is likely that populations from different drainages have experienced little or no historical or contemporary gene flow. At collection localities where we had multiple samples, either no variation was detected or haplotypes differed by only one or a few substitutions. This is consistent with the hypothesis of limited dispersal in this species (Seversmith, 1953) . Using the poikilothermic mitochondrial DNA clock (0.5%-1.3%; Hardy et al., 2002) , some of the Least Brook lamprey clades (2.5 to 9.0% sequence divergence) may have become isolated as early as the middle Miocene. However, if we use the upper limit of this range (1.3% per MY), all of the lamprey clades were present by the early Pliocene to early Pleistocene.
The lack of resolution among clades in the analysis suggests two possibilities. First, there are insufficient phylogenetically informative characters to resolve the relationships. Since approximately 16.4% of the nucleotide positions were phylogenetically informative, this is not likely to be the case. In addition, there does not appear to be saturation and reversals in the data set and the separate ND3 and control region data sets did produce the same trees with similar lack of resolution. Further, an analysis of nine populations using partial cytb sequences (not shown) also resulted in poorly resolved clade relationships and did recognize upper and lower Tennessee River clades.
The second possibility is that the diversification among many of the L. aepyptera clades may have occurred over a relatively short time. Events that occurred during the late Miocene, Pliocene, and Pleistocene, including sea level fluctuations and glaciations, could have provided conditions conducive to significant diversification (Near et al., 2003) . There is evidence that a great deal of intra-and interspecific variation in other species occurred during these periods (Hewitt, 1996; Near et al., 2001; Near and Keck, 2005) . Near et al. (2003) attributed fluctuations in sea levels during the late Miocene and Pliocene to several speciation events in black basses. Sequence divergence among L. aepyptera clades suggests considerable diversification during the Pliocene.
Phylogeography.-Populations sampled in the Obion River (localities 7, 8) are highly differentiated from nearby populations. Levels of sequence divergence (3.3-5.2%) among the Obion River, Forked Deer (locality 4) clade to the south, and Tennessee 3 (localities 9, 10) clade to the east suggest long-term isolation, even among geographically close drainages. The apparent localized distribution of neotony and high degree of sequence divergence suggests that the Obion River population represents an undescribed taxon. The parsimony analysis (Fig. 2) does suggest a modestly supported sister-taxon relationship between the Obion and the Upper Ohio clade.
Neotony has been documented only in the Obion River (Walsh and Burr, 1981) . However, Starnes and Etnier (1986) have suggested that dispersal between the Obion and Big Sandy (locality 9) rivers is possible and may have been responsible for the introduction of the Banded Pygmy Sunfish, Elassoma zonatum, into the Big Sandy. If L. aepyptera was also introduced, additional collections will be necessary to determine if neotenic populations are also present in the Big Sandy and other lower Tennessee River tributaries.
Several of the hypothesized clades are from drainages that empty directly into the Mississippi River (Obion, Forked Deer, Hatchie, and Yazoo). These clades differ by 3.3-6.1%, suggesting isolation since the middle Pliocene (4.5-5.4 Fig. 2 . The 50% majority-rule consensus tree of 74 equally parsimonious trees for the combined ND3/control region data set. Numbers next to the nodes indicate bootstrap values. Tree length 5 218. Letters next to Terrapin, Schultz, and Gaylor refer to the multiple haplotypes listed in Table 1 . Numbers in parentheses identify the locality number. MYA). At this time, sea levels may have been 50-80 m higher than they are today (Riggs, 1984; Near et al., 2003 ). An 80 m rise could have inundated streams as far north as western Tennessee (Obion and Forked Deer rivers). This sea level rise could have simultaneously isolated populations in the headwaters of these different drainages. Powers and Mayden (2003) identified Etheostoma cervus from the headwaters of the Forked Deer River as distinct from E. pyrrhogaster from the adjacent Obion River. The Forked Deer population of L. aepyptera should be examined to see if it is also an undescribed taxon.
The Mobile clade (locality 6) differs from adjacent clades by 3.3% (Yazoo) and 6.9% (Tennessee 1). The Mobile basin is thought to have limited faunal affinity with the Tennessee River (Starnes and Etnier, 1986) . The White River clade (19-Little Black River) may have arisen as a dispersal event from populations east of the Mississippi (Pflieger, 1971) . In an allozyme survey of some of these same populations, Drake (2002) observed that the Little Black River sample clustered with the Hatchie River (locality 5) sample. However, the White River clade differs by 3.3-6.1% sequence divergence from populations on the east side of the Mississippi River, consistent with a mid to late Pliocene vicariance event.
The Tennessee River has had a complex history (Starnes and Etnier, 1986 ) and thus it is not surprising that the analysis suggests the presence of three clades. Tennessee 3 includes populations from the Blood (locality 9) and Big Sandy (locality 10) rivers. Both are tributaries to the lower Tennessee. The Tennessee 2 clade (locality 11) from Indian Creek may have evolved in the Duck-Buffalo system and nearby smaller tributaries prior to the capture of the upper Tennessee by the lower Tennessee River (Starnes and Etnier, 1986) . Tennessee 1 (locality 12) is from the Bear Creek system in northern Alabama. It differs from Tennessee 2 by 4.5%. Differentiation in Bear Creek could have occurred when the upper Tennessee River had a separate outlet to the Mississippi (Starnes and Etnier, 1986) . The Ashy darter (Etheostoma cinereum) exhibits a similar pattern of differentiation between populations from the Duck-Buffalo and Upper Tennessee (Powers et al., 2004) . Lampetra meridionale (Vladykov et al., 1975) was known from the Bear Creek system and the middle Tennessee River (Lee et al., 1980) . Although L. meridionale was synonymized into L. aepyptera, our data suggest that there may be an undescribed taxon in the middle and upper Tennessee River.
The clade that exhibited the greatest sequence divergence was the upper Ohio River clade (5.6%). This clade includes populations from southern Ohio (Scioto, Hocking, and Shade Rivers) and eastern Kentucky (localities 13-18). This level of divergence suggests a vicariance event at least 4 MYA and that L. aepyptera was part of the pre-Pleistocene Teays River fauna (Stepien and Faber, 1998; Berendzen et al., 2003) .
The Atlantic clade populations exhibit at least 3.0% divergence from clades west of the Blue Ridge. Lee (1976) suggested that L. aepyptera dispersed via headwater captures through Virginia and expanded north along the Coastal Plain. Stream capture and interconnection of drainages were likely paths for dispersal of Atlantic slope fishes (Hocutt et al., 1986) . Hocutt (1979) suggested that the Gauley River (WV) was a likely avenue of dispersal of fishes to the Atlantic. Thus, the Atlantic clade should be more closely related to the upper Ohio River clade. Our data do not support such a relationship (Fig. 2) . Instead, a sister-taxon relationship between the Atlantic and Tennessee clades was observed and would suggest a dispersal event via the upper Tennessee River across the Blue Ridge. The upper Tennessee River is adjacent to the New River and fish exchanges have occurred (Etnier and Starnes, 1993) . Dispersal to the New River would give L. aepyptera access to Atlantic drainages. However, although L. aepyptera is known from the Kanawha, James, York, and Potomac rivers, it has not been observed in the New or Roanoke rivers (Jenkins and Burkhead, 1994) . Thus, either L. aepyptera was historically found in these rivers but is now absent, or an alternative dispersal route is needed. The limited divergence (1.0%) observed among the Atlantic populations suggests that there was a single dispersal event across the Blue Ridge.
The patterns of haplotype variation strongly suggest that a vicariance hypothesis can adequately explain much of the distribution of L. aepyptera. This is in contrast to other species whose patterns of variation reflected a combination of vicariance and subsequent dispersal (Near et al., 2001; Hardy et al., 2002; Berendzen et al., 2003) . Most L. aepyptera haplotypes have a localized distribution and deep diver- Table 2 . Divergence among Proposed Clades Based on the Combined ND3/Control Region Sequence Data. Clades are identified from the statistical parsimony network (Fig. 3) 
